The unique characteristics of ultrafast lasers have rapidly revolutionized materials processing after their first demonstration in 1987. The ultrashort pulse width of the laser suppresses heat diffusion to the surroundings of the processed region, which minimizes the formation of a heat-affected zone and thereby enables ultrahigh precision micro-and nanofabrication of various materials. In addition, the extremely high peak intensity can induce nonlinear multiphoton absorption, which extends the diversity of materials that can be processed to transparent materials such as glass. Nonlinear multiphoton absorption enables three-dimensional (3D) micro-and nanofabrication by irradiation with tightly focused femtosecond laser pulses inside transparent materials. Thus, ultrafast lasers are currently widely used for both fundamental research and practical applications. This review presents progress in ultrafast laser processing, including micromachining, surface micro-and nanostructuring, nanoablation, and 3D and volume processing. Advanced technologies that promise to enhance the performance of ultrafast laser processing, such as hybrid additive and subtractive processing, and shaped beam processing are discussed. Commercial and industrial applications of ultrafast laser processing are also introduced. Finally, future prospects of the technology are given with a summary.
Introduction and history
Ultrafast lasers, which is a generic term for picosecond and femtosecond lasers, have created a new path to laser processing of materials in terms of the capabilities in ultrahigh precision micro-and nanofabrication of not only opaque but also transparent materials and threedimensional (3D) and volume processing [1, 2] . The pulse *Corresponding Author: Koji Sugioka: RIKEN Center for Advanced Photonics, Wako, Saitama 351-0198, Japan, E-mail: ksugioka@riken.jp width of ultrafast lasers is defined as several tens of femtoseconds to tens of picoseconds, where a pulse width shorter than picoseconds is typically used for fundamental research, while longer pulses are used for commercial and industrial applications because of the high output power and high reliability. Such ultrashort pulse widths suppress heat diffusion to the surroundings of processed regions, which significantly reduces the formation of a heat-affected zone (HAZ) and enables ultrahigh precision micro-and nanofabrication of a variety of materials [3, 4] . Owing to the ultrashort pulse width, the peak intensity of ultrafast lasers easily exceeds several tens of PW/cm 2 , which can induce nonlinear multiphoton absorption in transparent materials. This specific feature of ultrafast lasers enables the processing of transparent materials with ultrahigh precision [5, 6] . In addition, if the focus position of the ultrafast laser beam is set inside a transparent material, then multiphoton absorption can be confined to a region near the focal volume to implement internal modification and 3D micro-and nanofabrication of transparent materials [7] [8] [9] . Thus, since the first demonstration of femtosecond laser ablation in 1987 [10, 11] , research and development with regard to ultrafast laser processing has rapidly advanced. Figure 1 shows the evolution of the number of papers related to ultrafast laser processing presented at the SPIE LAMOM conference each year. LAMON is an abbreviation for Lasers Applications in Microelectronic and Optoelectronic Manufacturing, which is a part of SPIE Photonics West and is one of the most important conferences with a long history of 20 years dealing with laser micro-and nanoprocessing. Although the number of papers related to ultrafast laser processing was few in the 1990s, it has significantly increased with a ratio of 20-30% when entering the 2000s. In the 2010s, almost half of the papers presented at SPIE LAMOM involved the use of ultrafast lasers. This analysis clearly confirms the rapid spread of ultrafast lasers in materials processing. The situation is the same for other major conferences including the Conference on Laser Ablation (COLA) and the International Symposium on Laser Precision Microfabrication (LPM). Looking back at the history of ultrafast laser processing, it was initiated in 1987 by the Srinivasan [10] and Stuke groups [11] . Both of these groups demonstrated clean polymer ablation using femtosecond excimer lasers almost without the formation of an HAZ and with a significant reduction of the ablation threshold compared with nanosecond lasers. Two years later in 1989, Stuke's group further demonstrated clean ablation of transparent materials because of multiphoton absorption [5] . These results surprised many researchers; however, femtosecond UV excimer lasers were used in the early stage of research on ultrafast laser processing and were not easily accessible to many researchers. In the early 1990s, the ultrafast laser became more readily accessible to more researchers because of the development of chirped-pulse amplification (CPA) in Ti:sapphire regenerative amplifiers [12, 13] , which contributed to a push in fundamental research on ultrafast laser processing. In 1996, a major breakthrough in ultrafast laser processing was made by Hirao's group with the internal modification of glass with a refractive index increase by 10 −2 to 10 −3 based on multiphoton absorption [7] . In the same year, Mazur's group also found that focusing an ultrafast laser beam inside glass with higher pulse energy created nanovoids at the focal volumes [8] .
In 1997, multiphoton absorption with ultrafast lasers was introduced into laser stereolithography, which is classified as additive 3D manufacturing, that is, 3D printing, by Kawata's group [14] . The use of a near-infrared (IR) femtosecond laser for stereolithography enables the direct creation of 3D micro-and nanostructures based on two-photon polymerization (TPP) of photocurable resins. Such internal processing of transparent materials and direct 3D micro-and nanofabrication are only available with ultrafast lasers, so that the research on ultrafast laser processing was further expanded in the 2000s. In the early 2000s, a new phenomenon associated with the interaction between ultrafast lasers and materials was found, which was the formation of nanoripples with periodicities of 1/10 to 1/2 of the incident laser wavelength formed by the multiple pulse irradiation of linearly polarized ultrafast laser beams [15] [16] [17] . In the late 2000s, nanoablation using metal and dielectric nanospheres was demonstrated for the fabrication of subwavelength structures by near-field enhancement near the nanospheres [18, 19] . Both techniques are being extensively investigated with the expectation of diverse applications. In addition, the improvement in the performance of ultrafast laser systems in the 2000s has been a significant contribution to realizing more reliable ultrafast laser processing for practical use. A robust, stable, and very compact fiber chirped pulse amplifier (FCPA) was developed in 2006 [20] and has expanded the range of applications. Furthermore, a compact and high-power ultrafast laser system based on a rare-earthdoped laser medium by diode pumping was developed in 2008 and is applicable to industrial applications, although the typical pulse width was in the order of picoseconds [21, 22] . From the efforts to date, ultrafast laser processing is becoming a reliable and powerful tool for commercial and industrial applications in the 2010s, while fundamental research is also increasingly active. Thus, ultrafast lasers are currently used widely for both fundamental research and practical applications. Here, a comprehensive review is presented on the progress in ultrafast laser processing, including micromachining, surface micro-and nanostructuring, nanoablation, and 3D and volume processing. Advanced technologies to enhance the performance of ultrafast laser processing are discussed, and commercial and industrial applications of ultrafast laser processing are also introduced. Finally, future prospects of the technology are given with a summary.
Micromachining
One of the important characteristics of ultrafast lasers in terms of materials processing is the nonthermal process associated with the elimination of heat diffusion to minimize the formation of an HAZ at the surroundings of processed regions owing to the ultrashort pulse width, which enables clean, ultrahigh precision machining of a diversity of materials from metals with high thermal conductivity to polymers with low thermal resistance. The multiphoton absorption induced by the extremely high peak intensity can also be adopted to achieve high-quality machining of brittle transparent materials such as glass. Figure 2 shows scanning electron microscopy (SEM) images of various samples machined with a femtosecond laser including (a) microdrilling of stainless steel, (b) groove formation in polymethyl methacrylate (PMMA), and (c) flexible cleaving of fused silica [23] . Regardless of the material, the femtosecond laser performed clean ablation with sharp edges and without the formation of an HAZ or cracks. Such excellent micromachining features lead to ultrafast laser processing being applied to the drilling of through-holes, scribing and cutting, surface pattering and microstructuring, and trimming, with extensive commercial and industrial applications as introduced in Section 9. 
Surface micro-and nanostructuring
Different types of micro-and nanostructures can be formed on the surfaces of various types of materials by interaction with ultrafast laser beams according to conditions such as the laser intensity, polarization, spatial and temporal beam profiles, laser wavelength, and processing atmosphere. In this section, the two most practical structures are introduced. It is well known that parallel ripple structures are formed on the surfaces of various types of materials with multiple pulse irradiation of a linearly polarized laser beam with nanosecond or longer pulses [24, 25] . Such structures are called laser-induced periodic surface structure (LIPPS). LIPPS is considered to be formed by interference of the incident laser beam with the light scattered or reflected at the surface. Consequently, the direction of the parallel ripples formed is always perpendicular to the polarization of the incident laser beam. In addition, the spatial period of the LIPPS is close to the incident laser wavelength. In contrast, multiple pulse irradiation (several tens to several hundreds of pulses) from an ultrafast laser with a laser fluence near the ablation threshold produces high-spatial-frequency LIPPS (HSFL) on a variety of materials including metals, ceramics, semiconductors, insulators, and polymers [15-17, 26, 27] . The spatial period of the formed ripple is much smaller than the laser wavelength (typically 1/10-2/5 of λ) and is dependent on the type of material and the irradiation conditions. At higher laser fluence, the period increases to more than 2/5 of λ, but is still smaller than the wavelength, which is referred to as low-spatial-frequency LIPPS (LSFL). Mechanisms for nanoripple formation has been extensively investigated, and include the self-organization of surface instability [28] , second-harmonic generation [17] , refractive index change [29] , nanoplasma formation [30] , and the excitation of surface plasmon polaritons [31] ; however, the mechanism is still under debate. The formed nanoripples are expected to be applied to reduce the friction between moving components, reduce the adhesive force of microand nanocomponents, and increase the adhesion of thin films and medical implants, increase wettability, the orientation of living cells, and surface coloring and painting. Figure 3 shows an example of color printing on a stainless steel surface by nanoripple formation using a femtosecond laser [32] . The color effect is achieved by the diffraction of light from the periodic nanostructures formed on the surface [33, 34] . Spatial control of the nanostructure orientation, which is dependent on the polarization direction, enables the successful imprinting of color images on the metal surface.
Another interesting and practical structure is formed by several-hundred-pulse irradiation from a femtosecond laser in a halogen gas such as SF 6 and Cl 2 [35, 36] , and results in a quasi-ordered array of micrometer-sized, conical structures (Fig. 4(c, d) ). The size and shape of the formed microstructures is dependent on the laser fluence, wavelength and pulse duration, as well as the type and pressure of the background gas. The structures produced can strongly reduce reflection of incident light, so that the metallic mirror finish of an Si surface is changed to a deep matte black color (Fig. 4(a) ), which is termed black silicon. This structure increases absorption, even in the infrared region [37, 38] . Thus, such a textured Si surface is beneficial to enhance the efficiency of photovoltaic solar cell applications [39] . Similar structures can be produced on not only Si but also other semiconductors and metals [40] [41] [42] . A possible mechanism for the formation of this type of structure has been proposed, involving anomalous density behavior of the solid and molten materials when the phase is changed by laser irradiation [43] . In addition to the elim- ination of light reflection, this type of structure quantitatively mimics both the structure and water-repellent characteristics of the natural Lotus leaf, thereby exhibiting superhydrophobicity because of the lotus effect, as shown in Fig. 4(b) [44] . Some of the applications of this characteristics include self-cleaning products, in addition to microfluidics and tissue engineering.
Nanoablation
The excellent characteristics of ultrafast laser processing with respect to the suppression of thermal diffusion, which thereby reduces the HAZ, enables nanoablation to be performed with subwavelength resolution or smaller. Such a high fabrication resolution beyond the diffraction limit of laser beams is achieved because of the threshold effect when using a Gaussian beam. Higher fabrication resolution can be obtained by a decrease in the laser intensity where only the central part of laser beam with a Gaussian profile can exceed the threshold to induce ablation. The use of multiphoton absorption can further improve the fabrication resolution, where the effective diameter ω for n-photon absorption is given by
because the effective absorption coefficient for n-photon absorption is proportional to nth power of the laser intensity. Here, ωo is the actual beam diameter of the focused Gaussian laser beam [1, 2, 45] . A two-dimensional (2D) array of nanoholes with diameters smaller than 200 nm was formed on a GaN surface by femtosecond laser ablation at a wavelength of 387 nm based on two-photon absorption using an objective lens with a numerical aperture (NA) of 0.9 [46, 47] . In principle, using the threshold effect offers no limitation to the improvement that can be achieved in the fabrication resolution by precise control of the laser intensity. However, the pulse-to-pulse fluctuation in femtosecond laser pulse energy makes it extremely difficult to maintain the same fabrication resolution when the laser intensity is near the threshold intensity. Therefore, the reproducible fabrication resolution is limited to 100-200 nm. To achieve super high resolution far beyond the diffraction limit, novel irradiation methods have been developed, which are described in the following.
Near-field ablation
One solution to overcome the diffraction limit is to use the optical near field. The laser irradiation combined with advanced tools such as (a) apertureless-pointed tips used for scanning tunneling microscopy (STM) and atomic force microscopy (AFM), (b) apertured tips used for near-field scanning optical microscopy (NSOM), and (c) dielectric and metal nanospheres, as shown in Fig. 5 , induce a strong optical near field to achieve nanoablation with feature sizes much smaller than 100 nm [48] . The nanomachining of gold thin films with a high spatial resolution of ca. 10 nm was demonstrated by local field enhancement in the near-field around the AFM tip with irradiation from a 800-nm wavelength femtosecond laser [49] . The combination of a 260-nm wavelength femtosecond laser with an NSOM tip was used to remove a 100-nm thick chrome layer from a quartz substrate for application to photolithographic mask repair with nanometric resolution [50] . Recently, nanoablation using nanospheres has been more extensively investigated [18, 19] . The mechanism of nanoablation beyond the diffraction limit is attributed to the near-field enhancement near the nanospheres. Both metal and dielectric nanospheres are available for nanoablation to generate an intense near field mainly by Mie scattering. The underlying process to generate an intense near field by the metal nanospheres is ascribed to free electron oscillation (plasmons), while it is ascribed to scattered light for dielectric nanospheres. 
Far-field ablation
The use of the optical near-field can overcome the diffraction limit to realize nanoprocessing. However, the laser intensity exponentially decays in the vicinity of nanoprobes and nanospheres. Thus, the ablation depth is shallower than 100 nm, which results in nanoholes with an aspect ratio much smaller than 1 [52] . In contrast, far-field ablation is, in principle, free from this restriction.
As described in Section 3, periodic nanoripple structures can be formed on material surfaces by irradiation with a linearly polarized ultrafast laser beam. This is ascribed to spatial modulation of the energy deposition on the surface with nanoscale periodicity at the focal spot, as shown in Fig. 7(a) . When the laser intensity is reduced, the number of cycles of the modulated energy distribution decreases ( Fig. 7(b) ). Further reduction to a level very near to the ablation threshold results in only a single cycle of the modulated energy distribution in the central area of the focal volume ( Fig. 7(c) ), which creates a single line nanogroove [53] [54] [55] [56] . Using this scheme, an array of single nanogrooves with widths less than 40 nm were fabricated on ZnO, as shown in the SEM image of Fig. 8 (a) [56] . To write a single groove line, the focused laser beam was scanned along the direction perpendicular to the laser beam polarization. After single line writing, the focused laser beam was shifted parallel to the polarization direction with a spacing of 1 µm to write the next line. Periodic nanoripple structures can also be formed inside glass [57] . Figure 8(b) shows an SEM image of a nanochannel with a width of ca. 40 nm and a depth of ca. 40 µm (aspect ratio of ca. 1000) formed inside porous glass by ablation in water using a linearly polarized femtosecond laser beam with precise control of the laser intensity [54] . These fabricated nanochannels were applied to DNA analysis, such as in the stretching of DNA molecules.
Two-photon polymerization
Focusing a near-IR femtosecond laser in a photocurable epoxy resin enables the formation of 3D micro-and nanostructures because of the internal modification based on two-photon absorption [14, 45] . Stereolithography performed using a near-IR femtosecond laser is termed TPP and is unlike conventional stereolithography that uses UV light for the layer-by-layer creation of 3D structures with shifting the elevator stage. Instead of a photocurable resin, a solid resist can also be adopted for TPP. Unlike photocurable resin, the solid resist enables both bottom-up fabrication (additive manufacturing) [58] and top-down fabrication (subtractive manufacturing) [59] by the selection of negative-or positive-tone photoresists, respectively.
Challenges to fabrication resolution far beyond the diffraction limit
One prominent feature of TPP is the high fabrication resolution beyond the optical diffraction limit, which is achievable by a combination of the threshold effect and the reduction of the effective beam diameter because of twophoton absorption, as described in Section 4. The typical fabrication resolution of TPP using a high NA objective lens (ca. 1.4) in a plane perpendicular to the laser beam axis (lateral resolution) is 100-200 nm, despite the IR laser wavelength of ca. 800 nm [45] . Precise control and stabilization of the laser intensity very close to the TPP threshold, together with an optimal writing speed, has enabled a fabrication resolution down to ca. 18 nm [60] . A more sophisticated approach to further improve the fabrication resolution in TPP was conducted by adopting the concept of stimulated emission depletion (STED) microscopy, which was originally developed for far-field nanoimaging of live cells [61] . This approach involves simultaneous irradiation with an activation beam, such as that with a wavelength of 800 nm and a pulse width of 200 fs, which induces photopolymerization in a negative-tone photoresist, and a deactivation beam operated at the same wavelength but in continuous wave mode, which is superimposed on the activation beam with a suitable lateral off-set to deactivate the photoinitiator [62] . This technique has been termed STED lithography or resolution augmentation through photo-induced deactivation (RAPID) lithography. In typical RAPID lithography, a doughnut-shaped deactivation beam is used to inhibit photopolymerization triggered by the activation beam at the doughnut ring that corresponds to the outer part of the activation beam, which results in the improvement of the fabrication resolution to less than 100 nm. The development of a photocurable resin with high mechanical strength is an important factor to achieve higher fabrication resolution. By using the developed, high-mechanical-strength resin and increasing the power of the doughnut-shaped deactivation beam, the width of the written polymer line has been decreased down to 9 nm, as shown in Fig. 9 [63]. However, 3D nanostructures with such super high resolution have not yet been successfully produced using RAPID lithography. [63] . Reproduced with permission from Nature Publishing Group, © 2013 by Nature Publishing Group.
Applications
The exceptional characteristics of TPP that enable 3D rapid prototyping with nanometric fabrication resolution have been extensively applied to fabricate microoptical components [64] , photonic crystals [58, 65, 66] , micro-and nanosystems [67] [68] [69] , microfluidic devices [70] [71] [72] , medical devices [73] , and scaffold for tissue engineering [64, 73, 75] . Figure 10 shows examples of 3D micro-and nanostructures fabricated using TPP: (a) a 2 × 2 array of planoconvex microlens [64] , (b) a photonic bandgap crystal [66] , (c) a microturbine that is rotated by application of an external magnetic field [69] , (d) fluid-mixing components integrated into an open microfluidic channel [72] , (e) a microvalve designed to prevent reflux of blood flow in human veins [73] , and (f) a 25-µm pore-sized scaffold for 3D cell migration studies [75] .
Resins typically used for TPP are SCR 500, SU-8, and NOA 61, which produce standard polymers with no specific functions. Optical, electrical, magnetic, or mechanical functions can be incorporated into the formed polymers by doping the common resins with special substances. For example, 3D multicolor luminescent polymer microstructures were produced by the incorporation of CdS nanoparticles (cadmium methacrylates) [76] . Doping with surfacemodified Fe 3 O 4 nanoparticles imparted magnetic properties to 3D polymer microstructures [77] . Single-wall carbon nanotubes (SWCNTs)/polymer composites with arbitrary 3D micro-and nanostructures were synthesized from a mixture of an SWCNT solution and the resin [78] , where the SWCNTs in the composite structure were aligned with the laser scanning direction.
Internal and volume processing of transparent materials
One of the most distinct features of ultrafast laser processing is the capability of 3D and volume processing inside transparent materials in a spatially selective manner because of multiphoton absorption associated with the extremely high peak intensity [7] [8] [9] . When an ultrafast laser beam is focused inside a transparent material with an adequate pulse energy, multiphoton absorption can be confined to a region near the focal volume inside the material, only where the laser intensity exceeds the critical value to efficiently induce multiphoton absorption. In this way, internal modification and 3D processing of transparent materials can be performed. Such processing, unique to ultrafast lasers, includes refractive index modification [7] , nanovoid formation, [8] , valence state change of doped ions [79] , elemental redistribution in materials [80] , atom precipitation [81] , particle crystallization [82] , and enhancement of the chemical etching rate [83] .
3D photonic devices
Ultrafast laser processing has been extensively applied to fabricate 3D photonic devices such as optical couplers and splitters [84] , volume Bragg gratings [85] , diffractive lenses [86] , Mach-Zehnder interferometers (MZIs) [87] , and waveguide lasers [88, 89] . Such photonic devices rely on the writing of 3D optical waveguides that can be easily inscribed in transparent materials such as glass, crystalline materials, and polymers by inducing permanent refractive index changes in the focal volumes of tightly focused ultrafast laser pulses [90] . Optical waveguides written using ultrafast lasers promise solutions in terms of nonplanar configuration, stability, and miniaturization of fabricated photonic devices. This distinct feature has recently attracted significant interest for application to the fabrication of compact quantum optics and circuits. A 3D multipath interferometer constructed with femtosecond laser-inscribed optical waveguides has demonstrated tunable quantum interference at the chip scale and is thus capable of quantumenhanced phase measurements [91] . Several functional quantum photonic circuits have been built in glass chips, on which quantum information processing such as photonic boson sampling and Anderson localization (i.e., trapping of scattered fields in a disordered material) has been successfully demonstrated [92, 93] . Conventional quantum circuits for quantum information processing are constructed with bulk optics that include a large amount of discrete elements on optical tables, which suffer from a large footprint size with poor stability. In contrast, the ultrafast laser-written optical waveguides offer simple and miniaturized configurations with much more robust construction.
Data storage applications
Focusing an ultrafast laser beam with laser intensity higher than that for refractive index modification creates submicrometer-sized nanovoids in glass. Binary information based on digital bits has been successfully recorded by writing nanovoids in multiple planes with a density of 17 Gbits/cm 3 [8] . It has recently been demonstrated that the digital bits inscribed in fused silica with a femtosecond laser have a long-term data storage lifetime of more than 319 million years, which has been confirmed by the accelerated test at 1000°C for 120 min [94] . The recording density written by holographic femtosecond laser processing using a spatial light modulator (SLM) reached 40 Mbyte/inch 2 with a dot pitch of 2.8 µm in four layers, which is greater than that of a compact disk. As described in Sections 3 and 4, self-assembled nanogratings can be formed at the focused area by irradiation with a linearly polarized ultrafast laser beam. The formation of such complex nanostructures has realized 5D data storage because birefringence induced by the nanograting provides the fourth and fifth dimensions by the slow axial orientation and strength of retardance, respectively, in addition to the XYZ dimensions in space [95] . The slow axial orientation and the strength of retardance can be independently manipulated according to the polarization and intensity of the incident beam. In the recording procedure using fused silica with a femtosecond laser, discretized multilevel intensity control in multiple dots was conducted by SLM-generated holograms with a modified and weighted Gerchberg-Saxton (GSW) algorithm to multiplex the data by retardance, while motion-free polarization direction control was implemented using a laserimprinted half-wave plate matrix made of four segments for control of the slow axial azimuth. The readout of the recorded data in the glass was demonstrated with a quantitative birefringence measurement system integrated with an optical microscope. Three birefringent layers with a layer interval of 20 µm were clearly distinguished in this system [ Fig. 11(a) ]. The phase retardance [ Fig. 11(c) ] and slow axis orientation [ Fig. 11(d) ] were then derived from Fig. 11(a) . Normalized data [ Fig. 11 (e) and 11(f)] gave the final results [ Fig. 11(g) and 11(h) ]. In the ideal case, this tech-nique that enables 5D optical storage could realize capacities up to 18 GB in a fused silica substrate, the same size as that of a conventional compact disc. The recorded data was confirmed to be thermally stable up to 1000°C, which suggests unlimited lifetime at room temperature. 
3D microfluidics and optofluidics
Multiphoton absorption confined to the focal volume inside glass can be used to directly create 3D microfluidic structures, thereby eliminating additional procedures usually required, including stacking and bonding of the glass substrates. Microfluidics is a key component for biochips, which are essentially miniaturized laboratories used for reactions, detection, analysis, separation, and the synthesis of biochemical materials with benefits of high sensitivity, short analysis time, low reagent consumption, and low waste production. There are two methods available for the fabrication of 3D microfluidics structures using ultrafast lasers, which are femtosecond laser-assisted etching (FLAE) [83, 96] and water-assisted femtosecond laser drilling (WAFLD) [97] .
FLAE involves ultrafast laser direct writing inside glass, which space selectively modifies the chemical properties at the laser-inscribed regions, and successive chemical wet etching, typically in diluted hydrofluoric (HF) acid solution, to selectively remove the laser-modified regions ( Fig. 12(a) ). This two-step procedure results in the formation of 3D microfluidic structures inside glass such as photosensitive glass [96, 98, 99] and fused silica [84, 100] . The microchannels fabricated by FLAE inevitably become wider than the laser-exposed regions and are tapered because of an etch selectivity ratio of approximately 50 between the laser-exposed and laser-unexposed regions. Meanwhile, the internal wall of the fabricated hollow structure is very smooth, particularly with photosensitive glass, which allows FLAE to be extended to the fabrication of microoptics such as micromirrors and microlenses inside a glass substrate [101] . FLAE can also be used to fabricate movable micromechanical components such as microvalves and micropumps, which are free from the substrates inside the 3D microfluidic structures, because the ultrafast laser direct writing in this process simply inscribes the latent 3D images that are then developed by wet etching [102, 103] . For WAFLD, a glass substrate immersed in distilled water is ablated by direct femtosecond laser writing, as shown in Fig. 12(b) [97] . The role of water in this process is to efficiently remove debris from the ablated regions, which enables the formation of long microfluidic channels with complex structures. WAFLD relies on ablation; therefore, it can provide not only better uniformity but also narrower channel diameters over a long range. Nanochannels with diameters of ca. 700 nm and arbitrary geometry have been fabricated in fused silica using low-energy femtosecond laser pulses near the ablation threshold that are tightly focused by a high-NA objective lens [104] . Further enhancement of the performance of WAFLD to fabricate microfluidic channels with almost unlimited lengths, arbitrary geometries, and widths far less than the diffraction limit has been demonstrated by the ablation of mesoporous glass immersed in water followed by post-annealing [53, 54, 105] . The pores in porous glass that form a 3D connective network enable the more efficient supply of water to the ablation site, which results in the efficient removal of debris from the ablated regions to create unprecedented micro-and nanochannels.
The versatility of ultrafast laser 3D processing makes it possible to integrate functional microcomponents such as microoptics and microelectronics into a 3D glass microfluidic system to functionalize biochips for the fabrication of optofluidics and electrofluidics [11, 106-110, 112, 113] . Figure 13(a) shows a 3D schematic illustration of an optofluidics system fabricated by femtosecond laser 3D processing, which is used to perform label-free spatially selective sensing of liquid samples [107] . In this optofluidics system, an unbalanced MZI was constructed with optical waveguides by femtosecond laser refractive index modification after fabrication of a straight microfluidic channel embedded in fused silica by FLAE. In the MZI, the reference arm passes over the microchannel, while the sensing arm intersects the microchannel at a right angle. This optofluidics device can be used to measure the refractive index with a spatial resolution in the order of the waveguide mode diameter (11 µm). The unbalanced MZI can detect fringes in the wavelength-dependent transmission when a suitable spectral region is scanned using a tunable light source. The refractive index varies slightly with the analyte concentration, and the variation can be detected by a shift in the fringe, as shown in the inset of Fig. 13(b) . Consequently, this optofluidics device could be used to successfully detect a test sample of glucose-D with a concentration as low as 4 mM, which corresponds to a sensitivity of 10 −4 refractive index units. 
Glass bonding
Glass bonding has recently attracted much interest because of its potential in applications such as electronics, optics, microelectromechanical systems (MEMS), medical devices, microfluidic devices, and small satellites. Laser fusion welding is a promising candidate for glass bonding because it can provide rapid, high-precision, high-quality, flexible features in bonding with low heat distortion. For glass bonding, the laser beam should be absorbed at the interface of stacked glass substrates. Therefore, CO 2 lasers that are conventionally used for welding cannot be used, because of strong absorption by the glass, which prevents propagation to the interface. Other conventional lasers, such as Nd:YAG lasers, fiber lasers, and laser diodes require the insertion of an intermediate absorber layer between the two glass substrates because they have low absorption in glass. In contrast, absorption from ultrafast lasers can be confined to the interface of two stacked glass substrates because of multiphoton absorption when the focal position is set at the interface. Glass bonding based on fusion welding with ultrafast lasers is considered to occur because of melting induced at the interface by heating with the multiphoton absorption of a focused laser beam. Glass bonding using a femtosecond laser was first experimentally demonstrated in 2005, in which an 800-nm, 130-fs laser at a repetition rate of 1 kHz was used to bond two fused silica substrates [114] . Since then, the femtosecond laser and also the picosecond laser have been extensively used to bond the same type of glass substrates, including fused silica [114] [115] [116] , borosilicate glass [117, 118] , sodalime glass [119] , nonalkali aluminosilicate glass [120] , and photosensitive Foturan® glass [121] , in addition to dissimilar glass substrates such as fused silica/borosilicate glass [116, 122] , optical fiber/glass slide [123] , and spherical glass bead/float glass [124] . The ultrafast laser welding technique has been further extended to bond glass to other materials such as Si [125] and metals [126] .
Hybrid additive and subtractive processing
Laser processing can be classified into three categories: additive, undeformative, and subtractive manufacturing. Each process has its own advantages and disadvantages. For example, additive manufacturing using TPP with a negative-tone resist is not suitable for the formation of large volume objects because of the bottom-up fabrication. For example, to produce a 1-mm 3 volume 3D microfluidic structure under typical TPP process conditions would require a fabrication time that exceeds 100 days. In contrast, it is quite difficult to fabricate 3D structures with complex shapes by subtractive manufacturing with ablation processes. Thus, a combination of these manufacturing processes could provide the possibility to diversify the geometry and/or enhance the functionalities of the fabrication targets. One good example has already been presented in Fig. 13 , in which subtractive FLAE was combined with undeformative manufacturing for refractive index modification to realize a functional optofluidics system. A hybrid additive and subtractive process has recently been shown to be capable of fabricating previously inaccessible 3D micro-and nanostructures [127] [128] [129] [130] . Successive additive and subtractive fabrication processing with TPP followed by femtosecond laser multiphoton ablation was successfully demonstrated for the fabrication of submicrometer polymer fibers containing periodic holes with 500 nm diameters and 3D microfluidic channels with 1 µm diameters [127] . For the fabrication of polymer fibers containing periodic holes, TPP was first used to fabricate fiber structures with 2-, 1-, and 0.5-µm line widths, as shown in Fig. 14(a), 14(c) , and 14(e), respectively. After TPP, subtractive femtosecond laser ablation formed periodic holes with ca. 500 nm diameters in the polymer fibers, which acted as Bragg grating structures in the fibers, as shown in Fig. 14(b), 14(d) , and 14(f). The diameter and the periodicity of the holes were adjustable through control of the laser irradiation conditions. It should be noted that it is difficult to fabricate such fiber Bragg gratings by either TPP or femtosecond laser multiphoton ablation alone.
Another hybrid scheme involves successive subtractive FLAE and additive TPP to realize 3D ship-in-abottle biochips, which enables the fabrication of novel biochips by the integration of various 3D polymer micro/nanostructures into flexible 3D glass microfluidic channels [128] [129] [130] . Figure 15 shows a schematic diagram for the fabrication procedure of ship-in-a-bottle biochips by the hybrid technique, which mainly consists of FLAE of photosensitive glass (femtosecond laser direct writing followed by annealing, HF etching, a second anneal to smooth the inner surfaces) and TPP inside the microfluidic structures created by FLAE (polymer filling, femtosecond laser direct writing, and development). This novel technique has been used to fabricate microfluidic and optofluidic systems integrated with micro/nanofilters, micromixers, and microoptical components. As one example, a microlens array combined with center-pass units, which is schematically illustrated in Fig. 16(a) and shown in the SEM image of Fig. 16(b) , was integrated into a closed microfluidic channel embedded in a glass substrate Schematic illustration of the procedure for fabrication of ship-in-a-bottle biochips by the hybrid technique, which mainly involves FLAE of photosensitive glass (femtosecond laser direct writing followed by annealing, HF etching, a second anneal to smooth the inner surfaces), and TPP inside the microfluidic structures formed by FLAE (polymer filling, femtosecond laser direct writing and development) [128] .
( Fig. 16(c) ) [130] . The fabricated optofluidic device was applied for simultaneous cell detection and counting. The principle of cell detection with the optofluidic device is shown in Fig. 16(d) . When the white light is incident from the bottom side of the microchip, the microlens produces a focal spot above the microfluidic channel. If a cell then passes above the microlens, it significantly affects the light intensity at the focal spot owing to scattering, absorption, and refraction. As a result, the measurement of the time-dependent variation of light intensity at the focal spot enables cell detection. The center-pass unit is composed of an M-shaped confinement wall with 9-µm diameter apertures, which restricts passage of the cells through the edges of two adjacent microlenses for the detection of all cells. In addition, this optofluidics device can also filter out deformed cells. Consequently, coupling-free simultaneous counting of only normal cells with a 100% success rate has been demonstrated. 
Shaped beam processing
Tailoring ultrafast laser pulses is one of the key technologies to enhance the performance of ultrafast laser processing in terms of fabrication efficiency, quality, and resolution [131] [132] [133] [134] . Spatial manipulation of laser pulses is effective to increase the fabrication speed, that is, increased throughput by multibeam parallel processing and enhancement of the laser energy utilization efficiency [135] [136] [137] [138] [139] [140] . Temporal beam shaping enables the laser energy to be efficiently deposited to the materials, which improves the fabrication quality and resolution. The most typical device used to both temporally and spatially tailor the ultrafast laser beam is an SLM. In addition, spatiotemporal manipulation by the use of optical gratings, in which the wavelength components in the ultrafast laser pulse are spatiotemporally dispersed, offers excellent performance for internal modification and 3D fabrication because of the more spatially localized confinement of multiphoton absorption [141, 142] .
Temporal shaping
Tailored ultrafast laser pulses obtained by shaping an ultrafast laser pulse have the potential to control the transient free-electron density and further excitation, which can improve the fabrication quality, spatial resolution, and/or processing efficiency in the ultrafast laser processing of materials. Shaped ultrafast laser pulses have been demonstrated in the ablation of fused silica and CaF 2 . The experimental results revealed that irradiation with a conventional single-pulse train did not produce the best machined surface [131] . In contrast, irradiation with a doubleor triple-pulse train with an almost 2-ps pulse separation produced better ablation holes than the single-pulse train. This is considered to be due to transient changes in the material properties that result from swift excitation and charge trapping. The divided energy delivery by multiple pulse irradiation controls the defined electron density and lattice deformation at the surface that follow material softening by the initial pulse, which results in a change in the energy coupling for the subsequent pulses. This permits heating to be controlled, which enables relaxation of the induced stresses and improvement of ablated structures. Similar behavior has also been observed by burst mode irradiation with ultrafast laser pulses (e.g., ca. 400 identical 1 ps pulses with a pulse separation of 7.5 ns), which allowed higher quality ablation with less microcracks and shock-induced effects than a single high-fluence laser pulse [132] . Very smooth holes with diameters of 7-10 µm and depths of ca. 30 µm were produced in fused silica without the formation of fractures, cracks, or surface swelling.
A shaped pulse that resembles temporary asymmetric pulses for which the amplitudes decrease or increase amplitude over time [see Fig. 17(a) ] was used for the nanoablation of fused silica [133] . Control of the balance of multiphoton ionization and avalanche ionization enables control of the spatial free-electron density because of the Gaussian beam profile of the laser beam combined with the various intensity-dependent processes. Thus, the fabrication of ca. 100 nm diameter holes was achieved using a 790-nm wavelength ultrafast laser beam with a spot size of 1.4 µm [see Fig. 17(b) ]. For material processing, the pulse energy in the x-direction was increased in steps of 6 nJ and the focal z position in the ydirection was changed by 1 µm. For each setting, three laser pulses were applied, all having the same energy: one with negative cubic phase (−), one unshaped (0), and one with positive cubic phase (+) depicted also by the dotted circles in (b), where they indicate diffraction limit. (b) Transient laser intensities and corresponding SEM images of a subset of laser-generated structures in fused silica obtained by the procedure described in (a). Top row: surface in focal plane; lower row: surface 1 µm below focal plane. The large structure (dark color parts) in all areas is due to the unshaped pulses (0) and their size is close to the diffraction limit. The small holes are created for positive cubic phase (+) in the middle and right photos of the top row. In contrast, negative cubic phase, that is, the time reversed pulse, does not induce any visible change [133] . Reproduced with permission from The Optical Society of America, © 2012 by The Optical Society of America.
Spatial beam shaping
The multiple parallel pulses that result from spatial beam shaping provide an opportunity for ultrafast laser processing to enhance processing throughput and improve energy-use efficiency. Multiple parallel pulses can be generated by either passive optical components such as diffractive optical elements or active components such as an SLM and deformable mirror, the latter of which has an obvious advantage in terms of flexibility.
Multiple optical waveguides have been simultaneously written in glass by direct writing using multiple laser spots generated with an SLM [136] . Different types of bent optical waveguides can be written by continuously changing the positions of the laser spots through the switching of computer-generated holograms (CGHs) because the spatial phase distribution is modulated by the CGH on a liquid-crystal SLM, which is not possible with passive optical components. The multiple parallel pulses generated by an SLM have also been applied to fabricate complex 2D and 3D microstructures, both symmetric and asymmetric, by TPP [138] , where each focus spot in the parallel pulses was individually controlled in terms of position and laser intensity. Figure 18 shows a schematic and an SEM image of the parallel fabrication of asymmetric 3D microstructures. Two different 3D polymer structures were simultaneously produced by individual control of two focus spots. It should be noted that this technique is effective at reducing the processing time for the fabrication of complex largescale structures. Another scheme for spatial beam shaping is highaspect-ratio nanochannel formation in glass using a nondiffractive femtosecond Bessel pulse [140] . A Bessel beam can be generated by an axicon lens. An SLM is used to imprint the spatial phase of the axicon onto the femtosecond laser beam to generate the femtosecond Bessel pulse. Figure 19 shows an SEM image of a through channel with a diameter of ca. 400 nm formed in 43-µm thick glass (aspect ratio: > 100) by a femtosecond Bessel pulse. The high peak intensity of ultrafast laser can keep the laser beam focused at a long range because of nonlinear propagation effects without the use of special optics, which is called self-guiding or filamentation [116, 143] . The peak power of an ultrafast laser can easily reach the critical power required to induce self-focusing by the Kerr effect [144, 145] . Loosely focused ultrafast laser pulses generate a filament with a diameter of approximately 2 µm up to several hundred micrometers in length because of the dynamic balance between self-focusing and self-diffraction by the plasma generated in the filament [146, 147] . Ultrafast laser filamentation produced in transparent materials can be used for fabrication of 3D photonic devices [143, 148, 149] , bonding [116] , and cutting/drilling [150] of glass and other materials.
Spatiotemporal beam shaping
Spatiotemporal focusing, which forms an ultrafast pulse only at the focal plane, was originally developed for multiphoton microscopy to improve the signal-to-background ratio [151] . This method was applied to 3D internal processing with an ultrafast laser to improve the depth fabrication resolution (resolution along the laser beam axis) [141] . One of the issues with optical waveguide writing and microfluidic channel formation inside transparent materials using ultrafast lasers is the longitudinally elongated cross-sectional shapes of the formed structures, because of the mismatch between the focal radius and the Rayleigh length. Spatial beam shaping using a narrow slit [152] or a pair of cylindrical lenses [153] was used to achieve balanced transverse and vertical resolutions for the formation of circular cross sections. However, in both the slit and cylindrical lens beam shaping schemes, balanced transverse and vertical resolutions are available only in the 2D plane perpendicular to the translational direction of the sample. Therefore, to write arbitrary 3D structures in transparent materials requires 3D isotropic resolution for the ultimate goal of 3D internal processing with ultrafast lasers. In the spatiotemporal focusing method, the femtosecond laser pulse is first spatially dispersed to elongate the pulse width using a pair of parallel gratings before introduction onto the focal lens, as schematically illustrated in Fig. 20(a) [141] . Temporal focusing is achieved at the focus position because different frequency components spatially overlap only near the focus, so that the original ultrashort pulse width is reproduced to maximize the peak intensity at the focus. This improves the depth resolution in femtosecond laser multiphoton processing because the peak intensity decreases rapidly because of the broadening of the pulse width when the pulse is moving away from the geometric focal spot. As described in Section 8.3, the high peak intensity of ultrafast laser can induce filamentation of laser beam, which frequently results in elongated structures in the internal modification of transparent materials (particularly in highly nonlinear materials such as polymers and crystals). Although the filamentation is beneficial for some applications, it is not preferable for some other applications including waveguide writing and microfluidic channel fabrication. The spatiotemporal focusing method provides the ability to eliminate the filamentation [141, 154] .
Commercial and industrial applications
The distinctly excellent features of ultrafast laser processing and the development of reliable high-power ultrafast laser systems have pushed this kind of processing method into commercial and industrial applications. Panasonic USA used picosecond lasers for the first time in mass production to produce funnel-shaped ink-jet nozzles. The picosecond laser, together with a PC-controlled scanning mirror, can rapidly fabricate reproducible holes in stainless steel with high precision [155] . As described in Section 3, irradiation by a femtosecond laser in halogen gas ambient produces conical microstructures on an Si surface that can then act as an antireflective surface. This technique was commercialized by SiOnyx Inc for the production of photovoltaic Si solar cells [156] . Average efficiencies as high as 16.9% and a 20% reduction of the Si substrate thickness have led to a 10-15% reduction in costs. Ultrafast laser micromachining and patterning also offer further applications in the electronics industry. Ultrafast laser micromachining is expected to be used for the manufacture of Si 3D integrated circuits (ICs). The fabrication of current 3D ICs relies on 3D assembly, which electrically connects stacked chips to form a single circuit. A key technology for 3D assembly is the formation of through Si vias (TSVs), which are vertical electrical connections that pass completely through silicon chips to electrically connect vertically assembled Si ICs. Ultrafast laser micromachining is a potential candidate for the rapid formation of high-aspect-ratio TSVs. In addition, ultrafast laser micromachining is used to perform scribing and dicing of very thin glass to hard glass with high-quality edge and flexible geometry and without crack formation. As such, this process has been applied to the mass production of displays for cell phones and tablet computers [157] . Sapphire dicing by ultrafast lasers is an urgent requirement because of an increased demand for sapphire substrates for smart phones. Ultrafast laser scribing and patterning are also reliable for the manufacture of photovoltaic solar cells based on copper indium gallium (di)selenide (CIGS) or organic photovoltaics (OPV) [158] . For CIGS solar cells, ultrafast lasers are used to isolate the back contact (Mo) between cells (P1 process), selectively remove the CIGS layer from the top of the back contact layer (P2 process), and selectively remove the absorber and front contact (transparent conductive oxide) layers (P3 process). Other applications of ultrafast laser patterning include the manufacture of active matrix organic light-emitting diode (AMOLED) displays.
Ultrafast laser processing is also widely used in the automotive and railway industries because of its potential to satisfy many requirements in these fields, including miniaturization, high precision, high quality, applicability to a diversity of materials, variety of variants, smaller lots, and cost-effectiveness [159] . For example, ultrafast lasers have been used to produce exhaust gas sensors made of special ceramic layer systems. Ultrafast laser trimming of sensor elements enables the exhaust gas properties to be measured faster and more precisely. Ultrafast laser microstructuring was used for the fabrication of drainage grooves in the injector of common rail diesel systems, which resulted in a more reliable, powerful, and environment-friendly system.
Another important application of ultrafast laser processing is in the medical field, where it is used for the fabrication of functional medical stents, which are now commercially available. The stent material fabricated by a nanosecond laser is limited to stainless steel; however, the use of ultrafast laser processing extends this to functional materials such as bioresorbable polymers and highly X-ray visible materials [160] . The ultrafast laser is also widely used for medical treatment such as LASIK (laser-assisted in situ keratomileusis), which is a refractive surgery used to correct myopia, hyperopia, and astigmatism. In this treatment, the ultrafast laser is used only for the formation of the corneal flap and subsequent keratomileusis is performed with an excimer laser [161] . Additionally, a femto lamellar keratomileusis, more commonly referred to as small incision lenticule extraction (SMILE), is already clinically available in some regions, which is all-femtosecond laser refractive surgery without creation of flaps [162] . Another medical treatment using ultrafast lasers is treatment for tooth cavities.
Summary and future prospects
Ultrafast lasers provide unique advantages in materials processing because of the ultrashort pulse width and extremely high peak intensity that cannot be achieved with existing microfabrication technologies. The advantages include suppression of heat diffusion and the formation of an HAZ, processing of transparent materials by multiphoton absorption, internal modification and 3D processing of transparent materials, and nanofabrication ability. Ultrafast lasers can thus perform high-quality, highprecision surface micromachining of various materials, including metals, semiconductors, ceramics, soft materials (e.g., polymers and biotissues), and even brittle ma-terials (e.g., glasses). Nano-and microstructured surfaces formed by ultrafast laser irradiation provide unique and useful properties in terms of friction, adhesion, optical absorption, and hydrophobicity. In addition, nanoscale fabrication resolution beyond the diffraction limit is achievable with ultrafast laser processing. The typical fabrication resolution for TPP is ca. 100 nm, which can be further improved to be down to ca. 9 nm when STED is used. Near-field ablation using either nanotips or nanospheres can realize super high resolution, far beyond the diffraction limit, while ablation using a linearly polarized ultrafast laser beam with the intensity carefully reduced to a level very near the ablation threshold results in the fabrication of nanogrooves with widths less than 50 nm by far-field ablation. Internal modification of transparent materials is only available with ultrafast lasers and is thus widely applied to fabricate 3D photonics, data storage, and microfluidic and optofluidic devices. The microwelding of glass substrates is another recent topic in internal modification by ultrafast lasers. Shaping the spatial, temporal, and spatiotemporal profiles of ultrafast laser pulses can enhance the performance of ultrafast laser processing with respect to the improvement in the throughput, energy efficiency, fabrication quality, and fabrication resolution. These unique advantages of ultrafast laser processing have resulted in its emergence in commercial and industrial applications, such as glass dicing for the production of cell phones and tablet computers, scribing and patterning of photovoltaic solar cells, the production of car components in both serial production and racing sports manufacturers, and the fabrication of medical stents. Ultrafast lasers are also practical tools for medical treatment including the refractive surgery and the treatment of teeth cavities.
Although much effort has been made by many researchers to elucidate the detailed mechanisms for the interaction between ultrafast laser irradiation and matter, it has yet to be fully understood. Therefore, research and development continue, which is important not only for pure science but also for the commercialization of ultrafast laser processing. Hybrid techniques of additive, undeformative, and subtractive manufacturing will also provide capabilities in diversifying the geometry and/or increasing the functionalities of fabrication targets, which is expected to further enhance the performance of ultrafast laser processing. Shaped beam processing techniques in spatial, temporal, and spatiotemporal schemes will also contribute to enhanced performance in terms of high quality, high efficiency, and high resolution. Meanwhile, attempts to further improve the fabrication resolution far beyond the diffraction limit will proceed. In particular, the development of techniques to achieve super high resolution in far-field ablation is highly desirable. Although not discussed earlier, ultrafast lasers have the potential for application to the synthesis of new materials because they can generate extremely high temperatures and pressures in materials. For example, femtosecond-laser-driven shock has been used to create the high-pressure ε phase of iron [163] . Microexplosions triggered by femtosecond laser pulses have generated pressures greater than 380 GPa inside sapphire, which resulted in the formation of bcc Al with a crystallite size of ca. 18 ± 2 nm [164] . The unique characteristics of ultrafast laser processing offer the possibility to develop new processes that are unique in the future.
Ultrafast laser processing is already used for some commercial and industrial applications, and this trend is expected to be further accelerated because of the distinct advantage of ultrafast laser processing over conventional laser processing. To this end, the development of high-power, stable, reliable ultrafast laser systems that are reasonably priced is urgently demanded. In addition, the development of killer applications such as printed board drilling by CO 2 lasers and photolithography by excimer lasers is important to establish a firm position for ultrafast laser processing in manufacturing.
